Gambling to recover losses is a common gaming behavior. In a clinical context, however, this phenomenon mediates the relationship between diminished control over gambling and the adverse socioeconomic consequences of gambling problems. Modeling loss-chasing through analogous behaviors in rats could facilitate its pharmacological investigation as a potential therapeutic target. Here, rats were trained to make operant responses that produced both food rewards, and unpredictably, imminent time-out periods in which rewards would be unavailable. At these decision points, rats were offered choices between waiting for these time-out periods to elapse before resuming responding for rewards ('quit' responses), or selecting risky options with a 0.5 probability of avoiding the time-outs altogether and a 0.5 probability of time-out periods twice as long as signaled originally ('chase' responses). Chasing behavior, and the latencies to chase or quit, during sequences of unfavorable outcomes were tested following systemic administration of the 5-HT 1A receptor agonist, 8-OH-DPAT, the D 2 receptor antagonist, eticlopride, and the D 1 receptor antagonist, SCH23390. 8-OH-DPAT and eticlopride significantly reduced the proportion of chase responses, and the mean number of consecutive chase responses, in a dose-dependent manner. 8-OH-DPAT also increased latencies to chase. Increasing doses of eticlopride first speeded, then slowed, latencies to quit while SCH23390 had no significant effects on any measure. Research is needed to identify the precise cognitive mechanisms mediating these kinds of risky choices in rats. However, our data provide the first experimental demonstration that 5-HT 1A and D 2 , but not D 1 , receptor activity influence a behavioral analog of loss-chasing in rats.
INTRODUCTION
Gambling to recover losses is a prominent feature of recreational gambling and problem (or pathological) gambling (Dickerson et al, 1987) . In a clinical context, excessive losschasing can involve persistent gambling to recover liabilities but diminishing resources to fund continued play (Lesieur, 1979) . As such, this behavior represents an important mechanism that mediates between diminished control over gambling and the adverse family and socio-occupational consequences of clinically significant gambling problems (Lesieur, 1979) . For these reasons, loss-chasing may represent a salient target for therapeutic intervention.
Despite the importance of loss-chasing to the clinical presentation of gambling problems, we know little about its neurochemical substrates. From a theoretical perspective, serotonin exerts complex influences on behavioral manifestations of impulsiveness (Winstanley et al, 2004) , which both promotes loss-chasing (Breen and Zuckerman, 1999) and is exaggerated in samples of non-problem and problem gamblers (Blaszczynski et al, 1997) . Serotonin activity also mediates learning from aversive events (Cools et al, 2008) and the ability to adjust behavior following punishing outcomes (Crockett et al, 2009) . Intuitively, disturbances of these functions might promote loss-chasing behavior (Campbell-Meiklejohn et al, 2011) .
Similarly, loss-chasing behavior is likely to involve dopamine functions that mediate the computation of action-value relationships (Schultz, 2010) . Converging evidence implicates the activity of midbrain dopamine neurones, and its innervated forebrain sites, in the representation of risk and uncertainty (St Onge et al, 2011) , and also in the internal framing of choice outcomes as involving gains or losses relative to some reference point (De Martino et al, 2006) . However, while the above findings indicate that both serotonin and dopamine activity support the cognitive and affective processes likely to be involved in loss-chasing behavior, their role in this central feature of gambling has not been properly specified.
To fill this gap, we successfully developed a laboratory model of loss-chasing, which we have used to explore its neural and neurochemical substrates in humans (CampbellMeiklejohn et al, 2008) . Participants repeatedly choose between gambling to recover a loss of nominal value (at the risk of doubling its size) or quitting (and sustaining a certain loss). These dilemmas induce risk-seeking behavior in a variety of social and economic contexts (Kahneman and Tversky, 2000) . In addition to showing that activity within the anterior cingulate cortex and subthalamic nucleus mediates loss-chasing choices (Campbell-Meiklejohn et al, 2008; Rogers et al, 2011) , we have shown that tryptophan depletion reduces decisions to chase in healthy adults. By contrast, single treatments with 176 mg of the D 2 /D 3 receptor agonist, pramipexole, increase the value of losses that participants are prepared to chase but reduce the value of losses surrendered when deciding to quit gambling (Campbell-Meiklejohn et al, 2011) . Most recently, we have also demonstrated that single treatments with 20 mg of the psychostimulant, methylphenidate, attenuate the suppression of loss-chasing behavior observed as the magnitude of losses increases (Campbell-Meiklejohn et al, 2012) .
These findings suggest that dopamine and serotonin have complementary roles in decisions to chase losses and/or decisions to quit gambling. However, research in humans is hampered by the limited pharmacological specificity of the available drug treatments, as well as the challenges associated with identifying their sites of action. Developing an animal model of loss-chasing behavior could broaden opportunities for pharmacological investigation. Here, we introduce a novel laboratory model of loss-chasing behavior in the rat. In the context of foraging behavior, animals tend to show risk aversion when choosing between actions associated with large unlikely rewards vs small likely rewards, but risk-seeking behavior when choosing between actions associated with short vs long delays to reward (Kacelnik and Bateson, 1996) ; in particular, animals will tolerate substantial risk to avoid longer intervals to the next opportunity to access reward (Kacelnik and Brito e Abreu, 1998) . Hence, we trained rats to make simple operant responses that produced food rewards, and also, periodically and unpredictably, signaled imminent time-out periods in which reward would be unavailable. At these decision points, our animals were offered choices between waiting for the signaled time-out period to elapse before resuming responding for food rewards ('quit' responses), or selecting risky options with a 0.5 probability of avoiding the time-outs altogether and a 0.5 probability of timeout periods twice as long as signaled originally ('chase' responses). We report that, consistent with our observations with human subjects (Campbell-Meiklejohn et al, 2011) , systemic administration of the 5-HT 1A receptor agonist, 8-OH-DPAT, and the D 2 receptor antagonist, eticlopride, diminishes the tendency to choose risky options to avoid time-outs. By contrast, administration of the D 1 receptor antagonist, SCH23390, had no significant or marked effects on this analog of loss-chasing behavior.
MATERIALS AND METHODS

Subjects
Subjects were 24 male Long Evans rats, weighing 250-275 g at the start of testing. Behavioral testing and housing were in accordance with the Canadian Council of Animal Care and all experimental protocols were approved by the UBC Animal Care Committee.
Behavioral Apparatus
Testing took place in 8 standard 5-hole operant chambers (Med Associates, Vermont, CA, USA). The left wall of each chamber was concave, and contained an array of five response apertures, illuminated by light-emitting diodes. A food tray was located on the right wall. Responses in the apertures and food tray were monitored with infrared photocell beams. Sugar pellets (Noyes dustless pellets; Bioserv) were deposited into the tray from an external dispenser. The chamber was illuminated by a houselight. Auditory tones could be delivered into the chambers via a multiple tone generator.
Loss-Chasing Task
Full details of the training are described in the Supplementary Information, and a more detailed task schematic is provided as Supplementary Figure S1 . The loss-chasing task involved two types of events: 'partially reinforced' (PR) trials and 'chasing episodes'. On PR trials, rats were able to nose-poke at the food tray to start each trial, and to wait for hole 5 of the chamber to be illuminated before making single nose-poke responses there to earn single sugar pellets (Figure 1 ). Seventy percent of correct nose-pokes in hole 5 extinguished the light located inside hole 5, illuminated the tray light, and delivered one sugar pellet immediately. If rats responded in hole 5 before it was illuminated, the houselight was turned on for a time-out punishments of 5 s. These responses were scored as 'premature responses'. If rats did not respond at hole 5 within 10 s of its illumination, the light in hole 5 was extinguished and the tray light illuminated again to signal that the rats should nose-poke there to start another trial. These trials were scored as 'omitted responses', but were not punished by time-outs.
However, 30% of PR trials did not produce rewards following nose-pokes in hole 5. On these 'chasing episodes', the light in hole 5 began to flash at 0.5 Hz accompanied by a constant 4 kHz tone. Holes 1 and 3 were illuminated, signaling choice-points involving 1 of 2 further behaviors (Figure 1 ). Nose-poke responses at hole 3 were 'quit' responses. These responses extinguished the light in hole 1 and the flashing light in hole 5, but produced a flashing light in hole 3 that signaled a fixed 4 s time-out. At this time, the tone changed from 4 to 8 kHz. During time-outs, responses in any aperture had no programmed consequence; animals could neither terminate the time-out period nor earn reward. Once the 4 s time-out had elapsed, the light in hole 3 was extinguished and hole 5 was re-illuminated, accompanied by a 1 s 10 kHz tone. Now, rats could resume responding for reward at hole 5. Therefore, these quit responses were paired with fixed time-out penalties of 4 s during which reward was unavailable.
By contrast, nose-poke responses at hole 1 were 'chase' responses. These responses produced winning or losing outcomes with probabilities of 0.5. Winning outcomes canceled the time-out penalties, extinguished the lights in holes 1 and 3, re-illuminated the light in hole 5, and sounded a 1 s 10 kHz tone, allowing rats to resume responding for reward immediately.
Losing outcomes produced time-outs that lasted twice the length of those associated with quit responses, that is, 8 s. During these penalty periods, the light in hole 1 flashed at 0.5 Hz accompanied by a 12 kHz tone. At the end of this time-out, holes 2 and 3 were illuminated to signal 2nd choice-points involving further chase responses or quit responses (Figure 1 ). Nose-poke responses at hole 3 were again quit responses. These extinguished the flashing light in hole 1 and the light in hole 2, but produced a flashing light in hole 3, signaling the start of fixed 8 s time penalty. A tone of 8 kHz sounded throughout this time-out period. Once the time-out had elapsed, hole 5 was illuminated again, accompanied by a 1 s 10 kHz tone, allowing rats to resume responding for reward. Thus, quit responses at this 2nd choice-point of the chasing episode were paired with fixed time-out penalties of 8 s.
By contrast, nose-pokes at hole 2 were chase responses, again associated with winning or losing outcomes delivered with probabilities of 0.5. Following winning outcomes, the light in hole 2 was extinguished and the light in hole 5 was re-illuminated immediately, accompanied by a 1 s 10 kHz tone. This allowed rats to resume responding for reward immediately. However, following losing outcomes, the light in hole 2 flashed to signal a fixed 16 s time penalty, accompanied by a constant tone of 15 kHz sounded for the duration of this entire time-out period. Once this time-out had elapsed, the light in hole 5 was re-illuminated, with a 1 s 10 kHz tone, enabling the rats to resume responding for reward.
To summarize, chasing episodes first delivered choice-points involving quit responses (leading to fixed time penalties of 4 s) or chase responses involving a 0.5 probability of no time penalties or fixed time penalties of 8 s. Losing outcomes of this first chase response were followed by further choice-points involving further quit responses (leading to time penalties of 8 s) or chase responses involving a 0.5 probability of no time penalties or time penalties of 16 s. At every choice-point, the expected value in terms of the 'opportunity cost' associated with quit responses (4 or 8 s) and chase responses (0.5 Â 8 s and 0.5 Â 16 s) were equal, indicating no time advantage for either behavioral strategy. Animals were trained daily for 74 sessions-each 30 min-until stable chase over quit response preferences of at least 0.6 were established averaged the final five sessions. For 12 of the 24 rats, 1st and 2nd chase responses were allocated to hole 1 and to hole 2. For the remaining rats, these allocations were swapped so that the 1st and 2nd chase responses were allocated to hole 2 and to hole 1, respectively.
Dependent measures. Chasing episodes generated four dependent measures: (i) overall proportion of chase responses, initially calculated for 1st and 2nd choice-point separately; (ii) mean number of consecutive chase responses in each chasing opportunity; (iii) mean latencies for chase responses (s); and (iv) mean latencies for quit Figure 1 Stimulus configurations for the choices in the loss-chasing task as implemented in 8 standard 5-hole operant chambers and performed following full training (see Supplementary Information). On 'partially reinforced' (PR) trials (70% of the total), nose-poke responses in hole 5 produced food rewards. During 'chasing episodes', the light in hole 5 flashed (0.5 Hz) and holes 1 and 3 were illuminated to indicate choice-points involving nose-poke responses in hole 3 that yielded fixed time-out periods of 4 s ('quit' responses) or nose-poke responses in hole 1 that yielded no time-out periods or time-out periods of 8 s with probabilities of 0.5 (1st 'chase'). Following losing chase responses, the light in hole 1 flashed (0.5 Hz) and holes 2 and 3 were illuminated to indicate further choice-points involving nose-poke responses in hole 3 ('quit' responses) that yielded fixed time-outs of 8 s or nose-poke responses in hole 2 that yielded no time-out at all or time-out periods of 16 s, again with the probabilities of 0.5 (2nd 'chase'). For 12 of the 24 rats, the 1st and 2nd chase responses were allocated to holes 1 and 2, as described above. For the remaining rats, the allocations were swapped so that the 1st and 2nd chase responses were allocated to hole 2 and hole 1, respectively. At every choice-point, the expected value in terms of the 'opportunity cost' of quit responses (4 or 8 s) and chase response (0.5 Â 8 s and 0.5 Â 16 s) were equal, indicating no actual time advantage for either behavioral strategy.
responses (s). PR trials yielded four additional measures: (v) mean latencies (s) to respond at hole 5 when it was illuminated; (vi) total number of premature responses made before hole 5 was illuminated; (vii) number of omitted responses in which rats failed to respond at hole 5 in time to earn food rewards; and (viii) mean latencies (s) to collect food rewards in the food tray.
Pharmacological Challenges
Performance was assessed following four treatments: 8-OH-DPAT (the selective 5-HT 1A agonist with some additional affinity for 5-HT 7 receptors and inhibitory properties over serotonin reuptake (Pucadyil et al, 2005) ; saline, 0.1, 0.3, and 0.6 mg/kg), eticlopride (a D 2 receptor antagonist with some affinity for D 3 and D 4 receptors (Seeman and Ulpian, 1988) ; saline, 0.01, 0.03, and 0.06 mg/kg), and SCH23390 (a selective D 1 receptor antagonist with affinity for D 5 receptors (Bourne, 2001) ; saline, 0.001, 0.003, and 0.01 mg/kg). Treatments were administered 10 min before testing according to digram-balanced Latin square designs (Cardinal and Aitken, 2006) . Drug/saline test day were preceded by treatment-free baseline days and followed by single days on which animals were not tested. Animals were tested drug free for at least 1 week between each treatment to re-establish a stable behavioral baseline.
All drug doses were calculated as the salt and dissolved in 0.9% sterile saline. All drugs were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada), prepared fresh daily, and administered via the intraperitoneal route in a volume of 1 mg/ml.
Statistics
Data analyses proceeded in three stages. First, we analyzed the proportion of chase over quit responses on the 1st and 2nd choice-points of all chasing episodes following each treatment in repeated-measures analyses of variance (ANOVA) with treatment (saline vs three doses) and choicepoint (1st vs 2nd) as two within-subject factors. As there were no significant changes in the proportion of chase responses on the 1st compared to 2nd choice-points following 8-OH-DPAT, eticlopride, or SCH23390 (all Fs 3,15 o1.585, nonsignificant (NS)), we pooled these data in all subsequent tests. Second, we tested for differences in the proportion of chase responses following each drug using repeated-measures ANOVAs with treatment as a single within-subjects factor.
Finally, following our experiments in human subjects (Campbell-Meiklejohn et al, 2011 Rogers et al, 2011) , we conducted a final set of tests using only chasing episodes that terminated in either quit responses on the 1st choicepoint, quit responses on the 2nd choice-point, or the maximum of two successive chase responses; that is, we excluded all chasing episodes that ended with winning outcomes in which time-outs were avoided. In this way, our analyses tested rats' chasing behavior during runs of losing outcomes without the random interposition of winning outcomes. The dependent measures for these tests were (i) the mean number of consecutive chase responses per chasing opportunity (range 0-2); (ii) the mean latencies for chase responses (s); and (iii) the mean latencies for quit responses (s). All significant tests involving latencies were significant for both means and medians.
As loss-chasing is a common gambling strategy in humans and we wished to test how serotonergic and dopaminergic agents influenced an analog of this behavior, we excluded six rats that failed to establish a stable preference for chase over quit responses of o0.6 averaged over the final five training sessions, or chase over quit preferences of at least 0.5 chase in the saline sessions of the three drug treatments. Missing values for the higher doses of 8-OH-DPAT and eticlopride were replaced using the calculated series mean; maximum number of 10 cells. In all cases, reanalyses of the data without replacement of missing values yielded the same pattern of statistical results.
Proportions of chase responses were arcsine-transformed, as is appropriate whenever the variance of a measure is proportional to its mean (Howell, 1987) ; however, the figures and tables show untransformed data. We used Wilks' lambda F-tests to assess treatment effects since multivariate ANOVA offers better protection against multicolinearity involving single factors (eg, saline and three doses) (Howell, 1987) . Post-hoc differences between saline and doses were tested with paired t-tests.
RESULTS
8-OH-DPAT
During chasing episodes, higher doses of 8-OH-DPAT produced significant reductions in the overall proportion of rats' chase responses compared with saline (see On the PR trials, 8-OH-DPAT altered several behavioral measures (see Supplementary Table S1 ). Higher doses tended to increase the rats' mean latencies to make simple nose-poke responses for food rewards at hole 5 (F 3,15 ¼ 2.994, p ¼ 0.082). 8-OH-DPAT also significantly reduced the number of premature responses (F 3,15 ¼ 6.476, p ¼ 0.005) while significantly increasing omitted responses (F 3,15 ¼ 17.50, po0.0001). Mean latencies to collect food rewards from the food tray were also reliably increased (F 3,15 
The number of PR trials completed by rats was significantly reduced with the higher doses of 8-OH-DPAT (Supplementary Table S1 ; F 3,15 ¼ 49.763, po0.0001), raising the possibility that changes in loss-chasing responses were an artifact of diminished activity. However, the numbers of PR trials at the penultimate dose of 0.3 mg/kg remained substantial: mean ¼ 102.83±15.19, and the bias to make chase over quit responses during chasing episodes remained reliably above chance (0.5) following saline and all three doses (Figure 3 ; t(17)s42.76, po0.05).
Reanalysis of the chasing episodes with just saline, 0.1, and 0.3 mg/kg of 8-OH-DPAT, but omitting the highest dose of 0.6 mg/kg, demonstrated trend reductions in the proportion of chase over quit responses compared with saline On PR trials, eticlopride had virtually no impact on the rats' mean latencies to make nose-poke responses for food rewards at hole 5 (Supplementary Table S2 ; F 3,15 o1.0). However, eticlopride treatment reliably diminished the number of premature responses compared with saline (F 3,15 ¼ 12.665, po0.0001), and increased the number of omitted responses (F 3,15 ¼ 10.06, po0.0001). The mean latencies for rats to collect their earned food rewards from the food tray were also significantly increased (Supplementary Table S2 ; F 3,15 ¼ 5.105, p ¼ 0.012).
Although higher doses of eticlopride significantly reduced the numbers of PR trials completed (F 3,15 ¼ 32.816, po0.0001), the numbers completed at the penultimate dose of 0.03 mg/kg remained adequate: mean ¼ 95.72 ± 11.27 (see Supplementary Table S2 ). In addition, the decision bias to make chase responses over quit responses during chasing episodes remained significant after each of the saline and all three drug dosages (t(17)s43.268, po0.01).
Reanalysis of chasing episodes with just saline, 0.01, and 0.03 mg/kg of eticlopride, but omitting the 0.06 mg/kg dose, confirmed the reliability of dose-dependent reductions in 
SCH23390
During chasing episodes, SCH23390 did not produce any substantial or significant changes in the proportion of chase responses compared with saline (Figure 2; Fo1) or the mean number of consecutive chase responses per chasing episode (Figure 3; Fo1) . Mean latencies to make chase responses were not significantly affected (Figure 4 ; F 3,15 ¼ 1.903, p ¼ 0.172) nor were mean latencies to make 'quit' responses ( Figure 5 ; F 3,15 ¼ 1.31).
On PR trials, SCH23390 had virtually no impact on the rats' mean latencies to make nose-poke responses for earned food rewards at hole 5 (Supplementary  Table S3 ; Fo1). Similarly, SCH23900 treatment had no reliable effects on the number of premature responses made compared with saline (Fo1). However, it did tend to increase the number of omitted responses (Supplementary Table S3 5HT 1A and D 2 receptor activity mediates loss-chasing in rats RD Rogers et al Higher doses of SCH23390 tended to reduce the number of PR trials completed; however, this reduction was not quite significant (F 3,15 ¼ 2.762, p ¼ 0.078) and the mean number of trials completed following the penultimate dose of 0.003 mg/kg remained 148.22 ± 3.52 (Supplementary Table S3 ). As above, the bias to chase rather than quit remained significant after saline and all SCH23390 dosages (t(17)s49.767, po0.0001). Reanalysis of the chasing episodes with just saline and the two lowest doses of 0.001 and 0.003 mg/kg failed to demonstrate any significant effects of SCH23390 on proportions of chase responses, number of consecutive chase responses, their latencies, or latencies of quit responses (all Fso1).
DISCUSSION
Loss-chasing behavior consists of the repeated selection of risky gambles with the intention of recovering previous gaming losses, even at the risk of incurring still greater liabilities (Lesieur, 1979) . The experiment reported here represents a preliminary attempt to build an analog model of this behavior in the rat to facilitate focused neuropsychological and pharmacological investigations. Reflecting what we know about risky behaviors in foraging contexts (Kacelnik and Brito e Abreu, 1998 ), our observations demonstrate that rats will take risks to avoid certain delays until the next opportunity to earn reward, even at the risk of incurring still longer delays. This behavior may be analogous to observations that, faced with certain losses of nominal reward, human subjects with relatively limited gambling participation will select risky options associated with no losses at all or losses of double their magnitude. In our previous experiments, we have observed that individuals will decide to chase on approximately 0.72 ± 0.02 of opportunities offered (Campbell-Meiklejohn et al, 2008) . Here, we observed even higher rates of chase responses in rats at approximately 0.87 ± 0.01 under saline conditions, suggesting that the 'opportunity costs' for earning food rewards are at least as salient to food-deprived rats as the costs of losing monetary rewards are to human subjects.
We found that treatment with the 5-HT 1A receptor agonist, 8-OH-DPAT, and the D 2 receptor antagonist, eticlopride, produced dose-dependent (and linear) reductions in the proportion of chase responses compared with saline, and the mean number of consecutive chase responses per chasing episode, with the eticlopride also producing specific increases in the times needed to make quit responses. These findings are consistent with observations from our previous experiments in human subjects (Campbell-Meiklejohn et al, 2011) . By contrast, administration of the D 1 receptor antagonist, SCH23390, produced no significant changes in any dependent measures of our loss-chasing task. These data extend recent evidence that aspects of human gambling behaviors can be successfully modeled in rats and pigeons (Rivalan et al, 2009; Scarf et al, 2011; Winstanley et al, 2011; Zeeb et al, 2009) . Before discussing the implications of our findings, we first consider aspects of our experiment that are relevant to interpretation.
First, while the risk-seeking biases observed in rats presented with dilemmas involving certain and uncertain delays-to-reward appear comparable to the loss-chasing biases in humans, there remains some uncertainty about the specific cognitive representations and choice mechanisms that generate these decisional biases across species (Marsh and Kacelnik, 2002) . In humans, loss-chasing is most frequently explained in terms of convex relationships between nominal value and subjective value or 'utility', such that the decreases in utility associated with unsuccessful decisions to chase are proportionately smaller than the decreases in utility associated with sustaining certain smaller losses (Kahneman and Tversky, 2000) . However, in non-human species, risk-seeking behavior in the context of delays-to-reward may involve the operation of other mechanisms including negative energy budgets at the time of choice as described, for example, by Risk Sensitivity Theories (Kacelnik and Bateson, 1997) . Alternatively, such choices may reflect the specific way that choice outcomes are represented in order to generate risk-averse behaviors for those that animals prefer to be large (eg, food magnitude) but risk-seeking behaviors for outcomes that animals prefer to be small (eg, delays-to-reward), as described by Scalar Utility Theory (Marsh and Kacelnik, 2002) .
According to the Scalar Utility Theory, risk-seeking choices to avoid longer delays-to-reward, as in our losschasing task, reflect the operation of Weber's fraction such that the variability in time interval estimates increases with their duration, leading to the systematic underestimation of longer delays-to-reward that can enhance the attractiveness of risky options, such as chase responses in our loss-chasing task (Kacelnik and Bateson, 1996; Marsh and Kacelnik, 2002) . These perspectives upon the risk-seeking choices of animals and humans are not mutually exclusive; they seek to explain different aspects of the same observable behavior (Kacelnik and Bateson, 1997) . However, research will need to identify the specific cognitive (and control) mechanisms underlying decisions to chase as implemented here for the rat, and to understand how variation in chasing behavior in this model relates to other behavioral models including delay discounting or response inhibition (Winstanley et al, 2004) .
Second, we acknowledge that both dopamine and serotonin activity can influence cognitive processing of time intervals including delays-to-reward . While administration of 8-OH-DPAT does not impair the discrimination between longer and shorter time intervals (Body et al, 2002; Chiang et al, 2000) , it can alter the differentiation of time intervals when shifting between operant responses (Body et al, 2002; Chiang et al, 2000) . This raises the possibility that 8-OH-DPAT diminished chasing behavior by disturbing our rats' ability to use delays-to-reward to regulate the balance between chase and quit responding. However, while eticlopride blocks the underestimation of time intervals induced by the D 2 receptor agonist, quinpirole, it has no effect on its own at doses comparable to those used here (Cheung et al, 2007) . Therefore, this and our own data suggest that D 2 receptor activity influences risk-seeking choices when attempting to avoid delays-to-reward independently of any effects upon timing-based behaviors.
Third, we found that six rats (out of our entire sample of 24) failed to establish stable patterns of chasing behavior in either the baseline or saline testing sessions, and were 5HT 1A and D 2 receptor activity mediates loss-chasing in rats RD Rogers et al excluded from our analyses. Risk-seeking choices shown by human subjects in their loss-chasing behavior also tend to be stable within subject, but show some variability between subject (Campbell-Meiklejohn et al, 2008) . Identifying the sources of variability in the choices of rats during performance of our loss-chasing task may help to identify biological predispositions to gambling behaviors in the same way that variability in impulse control functions and faster acquisition of drug self-administration has been linked to altered D 2 /D 3 receptor expression in the rat striatum (Dalley et al, 2007) . Dopamine release within the ventral striatum can also impair adaptive decision making in pathological gamblers but facilitate adaptive choices in healthy controls (Linnet et al, 2011) , suggesting that variability in subcortical dopamine activity can both promote and protect against gambling problems in distinct populations. In this experiment with rats, the small numbers of 'chasers' and 'quitters', and lack of an independent measure of neurotransmitter release and receptor expression, made it impossible to draw meaningful conclusions about the chasing behavior of these subgroups following drug challenges. However, experiments involving larger sample sizes could be designed to probe the important issue of individual differences in the propensity to chase losses. Fourth, we note that the higher doses of all three drugs significantly increased (or tended to increase) the number of omitted responses and significantly reduced the number of PR trials completed per session, raising the possibility that our observations are artifacts of diminished motor activity. However, this is unlikely as the absolute number of trials completed was only markedly diminished at the highest doses, but remained substantial even at penultimate doses: 106.83 ± 15.34 for 0.3 mg/kg of 8-OH-DPAT; 94.72 ± 11.28 for 0.03 mg/kg of eticlopride; and 148.22 ± 3.54 for 0.003 mg/kg of SCH23390. Crucially, the proportion of chase over quit responses remained significantly above chance following saline and all drug doses. This indicates that, while higher dosages reduced the number of PR trials completed (and, by implication, the number of chasing opportunities offered), these treatments did not abolish the consistent decision bias to make take risks to avoid delaysto-reward. Finally, repeating our statistical tests with just saline and the two lowest doses of 8-OH-DPAT and eticlopride, but omitting the highest doses, confirmed the statistical reliability of the altered chasing behavior seen here, and demonstrate its independence of overall behavioral activity.
Finally, we acknowledge that 8-OH-DPAT and eticlopride influenced rats' behavior while responding for rewards on the PR trials of our loss-chasing task in ways that are both similar and different to previous investigations. Our loss-chasing task was modeled upon the operant characteristics of the 5-choice serial reaction time task (5-CSRTT) (Bari et al, 2008) , providing comparable auxiliary measures of visuomotor performance. On the one hand, both 8-OH-DPAT and eticlopride tended to slow rats' nosepoke responses following the locations of imperative visual signals at hole 5 to earn food reward on PR trials. Neither effect was statistically reliable; however, these effects are qualitatively similar to demonstrations that systemic administration of both compounds produce dose-dependent increases in the time needed to discriminate the spatial locations of visual targets in the 5-CSRTT (Carli and Samanin, 2000; van Gaalen et al, 2006) . Similarly, although administration of eticlopride by itself does not influence discriminative accuracy in the 5-CSRTT (van Gaalen et al, 2006) , it can slow latencies in simple reaction time tasks (Courtiere et al, 2003; Mayfield et al, 1993) .
On the other hand, we found rather unexpected effects in relation to the control of premature responding on the PR trials, as an index of inhibitory control (Bari et al, 2008) . Previously, systemic 8-OH-DPAT treatment has been shown to increase rates of premature responding in the 5-CSRTT (Carli and Samanin, 2000) . In this experiment, the same treatments (and doses) significantly reduced premature responses, consistent with similar observations in an analog model of the Iowa Gambling Task for rats (Zeeb et al, 2009) . Similarly, previous experiments found that eticlopride did not, on its own, influence the number of premature responses during performance of the 5-CSRTT, while SCH23390 dose-dependently diminished these kinds of errors (van Gaalen et al, 2006) . Here, eticlopride treatment reduced rates of premature responses, while SCH23390 had no impact on this measure.
The reasons for these inconsistencies are unclear. However, we speculate that they reflect differences between the cognitive and motor demands of the 5-CSRTT and PR trials of our loss-chasing task. The former involves monitoring multiple spatial locations for visual targets and responding quickly and accurately in their locations. By contrast, the PR trials of our loss-chasing task require rats to monitor a single location for visual targets and execute simple nose-poke responses to gain rewards. On this view, our findings can be reconciled with earlier reports by noting the greater involvement of D 1 receptor activity in selective attentional aspects of the 5-CSRTT (including speedy and accurate responding), and involvement of D 2 receptors in the control over single prepared responses in our loss-chasing task (Eagle et al, 2011) . More specifically, our finding that 8-OH-DPAT and eticlopride reduced the proportion of chase responses (and the number of consecutive chases per episode) and premature responses (on PR trials) point to links between aspects of gambling behavior and inhibitory control, exemplified by reports in human subjects that the control of betting behavior can be facilitated by successful inhibition of unrelated motor acts (Verbruggen et al, 2012) .
Notwithstanding the above considerations, our findings extend earlier evidence that both dopaminergic and serotonergic mechanisms have significant roles in decisions to take risks to avoid negative outcomes in human subjects. Tryptophan depletion reduced the tendency of human subjects to continue gambling in the context of a run of bad gambling outcomes (Campbell-Meiklejohn et al, 2011) . By contrast, tryptophan depletion had no impact upon the value of losses chased or the value of losses surrendered through decisions to quit. These results suggest that central serotonin activity governs the persistence of loss-chasing but not the evaluation of outcome values encountered during a run of losing gambles (Campbell-Meiklejohn et al, 2011) . Our present results indicate that, compared with saline, the proportion of chase responses was reduced at all doses of 8-OH-DPAT (0.1, 0.3, and 0.6 mg/kg) while the latencies for these responses were increased. This suggests that these changes in risky choice reflect actions at presynaptic 5-HT 1A receptors to diminish the activity of the dorsal raphe nuclei, thereby diminishing central 5-HT release (Carli and Samanin, 2000; Hedlund et al, 2004) , and strengthens our hypothesis that serotonin activity supports the availability of loss-chasing as an aversively motivated escape strategy.
Both clinical evidence and experimentation have also linked D 2 receptor activity to gambling behaviors (Dagher and Robbins, 2009 , Voon et al, 2010 , Zack and Poulos, 2004 , Zeeb et al, 2009 . Administration of the D 2 receptor antagonist, haloperidol, can enhance the reward value of gambling experiences in pathological gamblers (Zack and Poulos, 2007) and alter betting patterns while playing slot machines (Tremblay et al, 2010) . Previously, we found that single doses of pramipexole increased the value of losses that human subjects were prepared to chase (CampbellMeiklejohn et al, 2011) while single doses of methylphenidate blocked the tendency of larger losses to suppress chasing behavior (Campbell-Meiklejohn et al, 2012) . This suggests that dopamine activity mediate the evaluation of losses in relation to decisions to keep playing during runs of losing outcomes.
Of course, our rat model of loss-chasing did not afford any measure of how rats judged the value of increasing delays to the next opportunities to earn reward when selecting between chase or quit responses. However, the observation that eticlopride diminished the proportion of chase responses strengthens the evidence that D 2 receptor activity mediates risky choices to avoid aversive consequences in an analog model of loss-chasing, and is consistent with the proposal that stimulation and, possibly, overstimulation of these receptors can influence the expression of this central feature of human gambling behaviors Voon et al, 2010) . Moreover, the finding that latencies for quit responses were reduced following 0.01 mg/kg eticlopride compared with saline, but then increased following doses of 0.03 mg/kg, may reflect first presynaptic autoreceptor D 2 activity (and enhanced dopamine release) at the lowest dose but post-synaptic D 2 receptor activity at the higher dose, consistent with the biphasic effects of dopaminergic agents upon locomotor activity (Geyer et al, 1987; Smee and Overstreet, 1977) .
Although further research will be needed to elucidate the psychological mechanism through which D 2 activity influences loss-chasing behavior, we suggest three candidate mechanisms. First, one salient feature of our model is its emphasis upon repeated decisions to chase and the phenomena by which one risky gambling decision can easily lead to another, facilitating loss-chasing as a behavior that might become repetitious or automatic in vulnerable individuals (Campbell-Meiklejohn et al, 2008) . Other data indicate that loss-chasing is associated with heightened impulsivity in gamblers (Breen and Zuckerman, 1999) . As such, quit responses may require the ability to interrupt (or inhibit) decisions to chase to allow the re-evaluation of continued gambling against sustaining current losses. Consistent with evidence that eticlopride can facilitate the inhibition of dopamine-dependent impulsive responding (van Gaalen et al, 2006) , increasing doses may have induced shifts from impulsive chase responses towards quit responses. Eticlopride also reduced, then increased, latencies to quit as the dose increased, suggesting that D 2 receptor activity influences the duration of decisional processes that mediate the cessation of loss-chasing behavior.
Alternatively, D 2 receptor activity is also involved in the acquisition of revised stimulus-reinforcement linkages in the form of reversal learning (Jocham et al, 2009 ). Overstimulation of D 1 and D 2 receptors following treatment with dopamine agonists has also been linked to faulty learning from the good and the bad outcomes of prior decisions (Frank and O'Reilly, 2006) , and may contribute to the gambling (and impulse control) problems observed in some patients with Parkinson's disease (Voon et al, 2010) . According to this view, the antagonist actions of eticlopride at (possibly) post-synaptic D 2 receptors may have facilitated learning from unsuccessful decisions to chase, raising the response threshold for further chasing behavior. The absence of any effects upon loss-chasing following SCH23390 suggests that D 1 receptor activity, although implicated in probabilistic choice (St Onge et al, 2011) , makes only limited contributions to loss-chasing.
Finally, administration of 8-OH-DPAT and D 1/ D 2 receptor antagonist, haloperidol, can improve rats' rate of reinforcement under differential reinforcement of low rates of responding schedules, principally through response suppression (rather than systematic shifts in inter-response times) (Britton and Koob, 1989; Cheng and Liao, 2007) . This raises the possibility that the reduction of chase responses following treatment with 8-OH-DPAT and eticlopride was mediated, in part, by either indiscriminate choices between chase and quit responses at higher doses or enhanced tolerance of the time-outs following the selection of quit responses.
In summary, our experiment represents a preliminary test of a laboratory model of loss-chasing behavior in the rat. Using dilemmas involving certain fixed delays to the next opportunity to earn reward vs risky prospects associated with no delay at all or delays of two times the duration, we have shown that rats exhibit the same pattern of riskseeking choices as seen in human subjects who gamble to recover losses. Consistent with our earlier experiments with human subjects (Campbell-Meiklejohn et al, 2011) , our data show that both 8-OH-DPAT and eticlopride reduced decisions to chase losses, while eticlopride selectively modulated latencies associated with decisions to quit. Administration of the D 1 receptor antagonist, SCH23390, had no significant effects on any measure of loss-chasing behavior. Although further research is needed to establish the precise cognitive mechanisms that mediate these risky choices in rats, our data provide evidence that 5-HT 1A and D 2 receptors make complementary contributions to losschasing behavior in rats and, possibly, humans.
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